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AlH3 and Al2H6 are very stable molecules with high ionization potentials and low electron affinities. Yet, we
report the findings of higher aluminum hydrides, AlnH3n (n53 –7) with cyclic or linear polymeric structures
that are even more stable. These represent the possibilities of associating higher contents of hydrogen with
aluminum clusters. We use first-principles calculations with a plane-wave basis as well as a linear combination
of atomic-orbitals method. The binding energies and the highest occupied–lowest unoccupied molecular-
orbital gaps of these molecules are significantly higher as compared to the values for the three-dimensional
structures of hydrogenated aluminum clusters. The energetic and fragmentation behavior shows that these
molecules should be stable up to a size of at leastn54 in cyclic or polymeric forms.





















































Properties of matter in the form of small clusters are qu
different from bulk, and their studies are currently the foc
of much research in nanoscience to reveal new phenom
and forms for the development of novel materials. There
strong quantum confinement effects. Aluminum clusters c
stitute a simple yet interesting system to understand diffe
phenomena at the nanoscale. Several studies have bee
voted to the understanding of the electronic and atomic sh
as well as the adsorption behavior@1# of aluminum clusters.
The bonding nature in these clusters changes fromp- to
sp-type as the size grows. Clusters having up to five ato
are planar because the 3s atomic state behaves like a co
level due to large energy separation between the 3s and 3p
states. Thereafter three-dimensional~3D! structures become
lower in energy due to the increase in thesp hybridization
@1#. The quantum confinement leads to the electronic str
ture of clusters such that Al7 and Al13 behave like supera
toms with an alkali and halogen atom behavior, respectiv
because 20 and 40 valence electron clusters of nearly
electronlike metals have closed electronic shells. Ioniza
potentials, electron affinities, as well as the interaction
hydrogen with these clusters show@2,3# such electronic shel
effects. In the latter case, large abundances have been
tained for Al6H2 , Al7H, and Al13H that have at most two
hydrogen atoms while most other clusters adsorb no hy
gen under the experimental conditions.
The high hydrogen containing aluminum hydrides, ala
(AlH3) and di-alane (Al2H6), are very stable molecules an
are known to be similar@4–7# to hydrides of boron and
gallium, though the elemental clusters are different. The
drogen contents in alanes are significantly higher than
observed in aluminum clusters. Also, the alanes have la
ionization potentials and low electron affinities@8# that make
such molecules quite stable and therefore, higher alanes
cept for di-alane, have not been observed in experiments
@9#. Higher hydrides of group IIIA elements have been
ported@6# to have cyclic and pentacoordinate structures
triborane, trialane, and trigallane. But experimental evide


























derivatives are also known@10#, albeit with lower fraction of
hydrogen. Polymeric form of alanes has been predicted
normal pressure@9#. This is also a reason that di-alane cou
be observed at low pressure to avoid polymerization.
The weak bonding of hydrogen with aluminum cluste
and the light weight of Al could be attractive for hydroge
based fuels in the nanoform. We have, therefore, carried
extensive calculations on ring, polymeric, as well as
structures to find out how many hydrogen atoms could
associated with small aluminum clusters. We demonstr
from first-principles calculations, that high contents of h
drogen~three times that of Al! can be obtained in the form o
molecules AlnH3n with cyclic or linear polymeric structures
at least up to a range ofn'4.
Gas-cluster interactions are also important for the und
standing of catalysis by small particles. Coxet al. @2# studied
H2/D2 reaction with aluminum clusters and obtained a lar
abundance of Al6H2. Photoemission experiments@3# on hy-
drogenated aluminum clusters, however, showed Al13H to be
magic. This different behavior is due to the presence of m
l cular hydrogen in the former while atomic hydrogen in t
latter experiment. Theoretical studies by Upton@11# sug-
gested Al6 to be the smallest cluster to dissociate hydrog
However, the binding energies~BEs! were calculated to be
too small. Recently, a detailed study has been carried ou
interaction of hydrogen with small aluminum clusters@12# to
explain the magic behavior of Al6H2 , Al7H, and Al13H as
well as the bonding nature in these clusters. All these stu
are limited only to one or two hydrogen atoms adsorbed
aluminum clusters. Here we show that 3D aluminum clust
cannot adsorb many H due to a significant decrease in the
and that cyclic and polymeric structures of higher alanes
more favorable with large BEs and large highest occupie
lowest unoccupied molecular-orbital~HOMO-LUMO! gaps.
II. METHOD
We first use a plane-wave method with ultrasoft pseu
potentials@13,14# to find the low lying isomers of aluminum
and hydrogenated aluminum clusters. Such an approach








































KAWAMURA et al. PHYSICAL REVIEW A 67, 063205 ~2003!resulting structures have been further studied using a lin
combination of atomic-orbitals~LCAO! @15# method with
the all electron 6-311G* basis set in the Gaussian program
The exchange-correlation energy is calculated within
generalized gradient approximation~GGA! @16# in the plane-
wave method and GGA as well as B3LYP~Becke’s three
parameter hybrid functional with Lee, Yang and Parr~LYP!
correlation functional! @17,18# in the Gaussian method. Th
cut-off energy for the plane-wave expansion is taken to
250 eV for Al6Hx that have 3D structures and 436.75 eV f
AlnH3n that have cyclic or polymeric structures. The high
cutoff for the latter is used, as bonding in some of the str
tures is found to be weak. The clusters are placed in a sim
cubic supercell of side 15 Å and the Brillouin zone is rep
sented by theG point. The structures are fully optimize
without any symmetry constraint in both the plane-wave
well as the Gaussian methods. The stability of the structu
is further checked by calculating the frequencies that are
found to be real and positive.
III. RESULTS AND DISCUSSION
Earlier theoretical studies on aluminum clusters ha
shown@12,19,20# that Al6 is the smallest cluster with a 3D
~distorted octahedral! structure@Fig. 1~a!#. In order to deter-
mine the maximum number of H that can be associated w
Al6, we studied 1, 2, 4, 6, 8, and 12 H atoms on top~6!,
bridge ~12!, and threefold~8! sites using the plane-wav
method and GGA. For one H, the calculations are perform
with spin-polarization and a threefold site is found to
lowest in energy@12# @Fig. 1~b!#. For two H, two neighbor-
ing threefold sites are most preferred@12# @Fig. 1~c!#. Further
adsorption has been studied by considering four top sites
plane, all six top sites, all faces, and all bridge sites@Figs.
1~d–g!#. The fully optimized structures obtained from th
plane-wave GGA method show that H is stable on these
sitions~Fig. 1!. The BEs and HOMO-LUMO gaps are give
in Table I. The BE of H on a cluster is obtained fro
2@E(AlnHx)2E(Aln)2xE(H)]/x where E(S) is the en-
FIG. 1. Relaxed structures of~a! Al6, ~b! one H on a threefold
site,~c! two H on neighboring threefold sites,~d! four H on top sites
in a plane,~e! six H on all the top sites,~f! eight H on eight faces,

















ergy of speciesS in the ground state. It is seen that the BE
H on Al6 increases slightly in going from one H~2.825 eV!
to two H ~2.949 eV/H! but thereafter it decreases signifi
cantly with an increase in the number of H atoms~2.366
eV/H for Al6H8) ~Fig. 2!.
Comparing these results with the BE of H2 molecule
~4.575 eV in GGA!, we find that H2 can be dissociated on
Al6 from an energetic point of view and there is a large g
in energy, leading to the large abundance of Al6H2 in experi-
ments@2#. The dissociation may occur on a bridge site. Ho
ever, the BE of H atoms in Al6H8 and Al6H12 are very com-
petitive ~2.366 and 2.312 eV/H, respectively! with H2 and
therefore, as the concentration of H is increased beyonx
52, the sharp decrease in the BE is likely to lead to barri
for dissociation of H2, so that high concentrations of H o
Al6 may not be achieved. This could explain the absence
aluminum clusters with higher hydrogen contents ev
though Al6H8 with a large HOMO-LUMO gap~Table I! can
be expected to be a very stable molecule.
An important point to note here is that the Al-H bond
much more stronger as compared to the Al-Al bond in t
size range of clusters~Table I!. Such a behavior can be ex
ploited to prepare structures that may not be possible in la
systems or in bulk. A possible way to maximize the numb
FIG. 2. BE per H in Al6Hx and AlnH3n (n53 –7) obtained from
the plane-wave GGA method.
TABLE I. Total BEs and HOMO-LUMO gaps of various 3D
clusters.2BE of H is obtained by subtracting the energy of An
cluster from the total energy of AlnHx and dividing it by numberx
of hydrogen atoms.
Cluster Total BE BE of H HOMO-LUMO
~eV! ~eV! gap ~eV!
Al6 12.863 - 0.645
Al6H 15.688 2.825 0.204
Al6H2 18.761 2.949 1.444
Al6H4 23.554 2.673 0.606
Al6H6 28.863 2.667 0.545
Al6H8 31.787 2.366 2.489




CYCLIC AND LINEAR POLYMERIC STRUCTURES OF . . . PHYSICAL REVIEW A 67, 063205 ~2003!FIG. 3. Single and double
bridge cyclic and linear structure
of AlnH3n (n53 –7). Attached
numbers at the right~down! of
each picture mean calculatio
method: ~i! LCAO1B3LYP and
~ii ! LCAO1GGA. Similar struc-
tures have been obtained using th


































e-of H atoms is, therefore, to destroy the 3D structure of A6
and form a more open structure which could perhaps acc
modate more hydrogen. From the point of view of valen
we can associate three H around each Al with covalent bo
ing, as one finds in the stable molecule AlH3. If higher
alanes are to be formed, then some H atoms will be sha
as in Al2H6. We consider two types of ring~cyclic! struc-
tures of AlnH3n for n.2. ~1! Single bridge~SB! structures
in which one H forms a bridge between two Al ions a
there are two terminal H on each Al such that each Al
bonds four H in a nearly tetrahedral arrangement and~2!
double bridge~DB! structures with two H atoms bridging th
Al ions and one terminal H on each Al leading to the pen
coordination of Al, ions. However, in some cases optimiz
tion of the DB structure breaks the ring and makes a lin
polymeric structure.
The relaxed stable structures of AlnH3n (n53 –7) ob-
tained from the Gaussian and plane-wave methods are sh
in Fig. 3 and their BEs and HOMO-LUMO gaps are given
Table II. All of these structures have real and positive f
quencies. Generally the structures obtained from the pla











the BEs are small. However, the choice of the electro
exchange-correlation energy~GGA or B3LYP! is important.
It is known that GGA calculation generally improves the B
especially in metallic systems, as compared to the res
obtained by using the local-density approximation. Howev
when the electronic charge density is not uniform and th
is localization of charge, the self-interaction correction cou
be important. Therefore, B3LYP calculation may give a mo
reliable estimate of the energy as it contains Hartree-F
exchange that has no self-interaction error. In Fig. 2, we h
shown the results of the BE obtained from the plane-wa
method with GGA in order to compare these with the resu
obtained for the Al6Hx clusters. It is clear that the BE of H i
significantly higher in these cyclic and linear structures w
high concentrations of H as compared to the 3D structu
The energy difference between the different isomers is fo
to be rather small. In the following we discuss in detail t
results obtained from the B3LYP calculations which are
ferred to calculations~i! and then compare these with tho
obtained from GGA, calculations with LCAO and plan
wave methods which we refer to method~ii ! and~iii !, respec-
tively.5-3
KAWAMURA et al. PHYSICAL REVIEW A 67, 063205 ~2003!TABLE II. Total BE, BE/n, BE per H, and the HOMO-LUMO gaps of various AlnH3n (n51 –7) SB,
DB, and linear stable structures using~i! LCAO1B3LYP, ~ii ! LCAO1GGA, and~iii ! plane-wave1GGA.
Cluster Method Structure Total BE BE/n BE per H HOMO-LUMO
~eV! ~eV! ~eV! gap ~eV!
AlH3 ~i! - 9.075 9.075 3.025 6.425
~ii ! - 8.780 8.780 2.927 4.775
~iii ! - 9.052 9.052 3.017 4.735
Al2H6 ~i! - 19.530 9.765 3.158 7.192
~ii ! - 19.174 9.587 3.048 5.493
~iii ! - 19.792 9.896 2.986 5.436
Al3H9 ~i! SB 29.540 9.847 2.929 7.505
Linear 29.357 9.786 2.908 7.377
~ii ! SB 29.883 9.961 2.827 5.764
Linear 29.925 9.975 2.832 5.673
~iii ! SB 28.982 9.661 2.774 5.820
Linear 28.959 9.653 2.771 5.698
Al4H12 ~i! SB 39.407 9.852 2.889 7.348
DB 38.309 9.577 2.798 5.651
Linear 39.208 9.802 2.872 7.178
~ii ! SB 38.672 9.668 2.719 5.639
DB 38.200 9.550 2.680 4.016
Linear 38.750 9.687 2.726 5.479
~iii ! SB 39.856 9.964 2.769 5.568
DB 39.599 9.900 2.747 3.914
Linear 40.054 10.014 2.785 5.479
Al5H15 ~i! SB 49.164 9.833 2.799 7.190
Linear 49.057 9.811 2.792 7.140
~ii ! SB 48.360 9.672 2.630 5.475
DB 48.271 9.654 2.624 4.566
Linear 48.543 9.709 2.642 5.427
~iii ! SB 49.726 9.945 2.674 5.430
DB 49.893 9.979 2.685 4.333
Linear 50.064 10.013 2.696 5.399
Al6H18 ~i! DB 58.268 9.711 2.711 5.658
Linear 58.908 9.818 2.747 7.087
~ii ! SB 58.114 9.686 2.568 5.474
DB 57.996 9.666 2.561 4.025
Linear 58.333 9.722 2.580 5.355
~iii ! SB 59.786 9.964 2.607 5.366
DB 59.960 9.993 2.617 3.814
Al7H21 ~i! SB 69.006 9.858 2.699 7.121
Linear 68.760 9.823 2.688 7.072
~ii ! SB 67.845 9.692 2.499 5.444
DB 67.966 9.709 2.505 4.692
Linear 68.127 9.732 2.512 5.328
~iii ! SB 69.800 9.971 2.541 5.378
DB 70.205 10.029 2.560 4.613063205-4
lower
CYCLIC AND LINEAR POLYMERIC STRUCTURES OF . . . PHYSICAL REVIEW A 67, 063205 ~2003!TABLE III. Fragmentation energies~eV! of the stable isomers of AlnH3n clusters (n53 –7) with different
products using the LCAO~B3LYP! method. The negative values mean that the parent clusters have
energies than the sum of the energies of the products.
Parent Products
cluster Structure Al(n21)H3(n21)1AlH3 Al (n22)H3(n22)1Al2H6 Al (n23)H3(n23)1Al3H9
Al3H9 SB 20.936
Linear 20.752
Al4H12 SB 20.791 20.348
DB 0.307 0.750
Linear 20.592 20.149
Al5H15 SB 20.682 20.094
Linear 20.575 0.013
Al6H18 DB 20.029 0.668 0.813
Linear 20.669 0.028 0.172
Al7H21 SB 21.022 20.312 20.058














































heA. Atomic Structures of Al nH3n
The atomic structures of AlH3 and Al2H6 are known
@7,8#. Our calculated reaction energy of two AlH3 forming a
Al2H6 molecule is 1.380 eV, using the Gaussian method
the B3LYP functional. This agrees well with 1.54 eV o
tained in Ref.@8# within GGA and 1.55 eV in Ref.@7# using
Møller-Plesset correlation energy correction trancated
fourth order~MP4!. Also, the Al-H ~bridge! and Al-H ~ter-
minal! bond lengths~1.740 and 1.575 Å, respectively! com-
pare well with the values 1.754 and 1.588 Å in Ref.@8# and
1.730 and 1.568 Å, respectively, in Ref.@7#. Similar results
have been obtained using GGA.
n53 is the smallest size for which ring structure is po
sible. Optimization of the DB ring structure using the Gau
ian method with B3LYP functional leads to its transform
tion into a linear structure~Fig. 3!. However, the SB
structure lies 0.183 eV lower in energy~Table II!. The reac-
tion energy of Al2H6 and AlH3 to form Al3H9 is significant
~0.936 eV!. Also, reaction 3Al2H6→2Al3H9 is exothermic
~0.492 eV!. Therefore, even though both AlH3 and Al2H6 are
very stable, Al3H9 is even more stable. In the GGA plan
wave as well as LCAO calculations, the differences in B
of the SB and DB derived linear structures are small~Table
II !. In the SB structure H atoms are in a nearly tetrahed
arrangement around each Al. The Al-H~bridge! bond is
longer (1.704 Å) as compared to 1.576 Å for the Al-H~ter-
minal! bond. This is due to the increase in the coordinat
of bridge H atom, which increases the electronic charge d
sity from Al atoms around H. An increase in the Al-H bridg
bond lengths compensates it and leads to the optimal b
ing of H with Al atoms. Effectively, the interaction of A
with bridge H is weaker as compared to terminal H. This
important as in AlH3 molecule, all Al-H bonds are equall
strong, but interaction between these molecules weaken
bonding of a bridge hydrogen atom with a neighboring
atom. However, the total BE of a H atom with neighboring
Al atoms is more than the value for terminal H atoms a
this, in fact, gives rise to bonding between alanes. Gener















structures, as one can see from Table II. However, th
could be subtle effects due to exchange-correlations that
make the DB structure also favorable for largern. This is
reflected from the relative stabilities of the three structu
with different exchange-correlation functionals. Usin
B3LYP, the SB structure is generally lowest in energy. Ho
ever, using GGA, the polymeric structure is generally t
lowest in energy. Further, as it would be more clear belo
the SB structure has more flexibility to optimize the bo
angles~see distortions for higher alanes in Fig. 3 so that
Al atoms are not in the same plane! as compared to the DB
structure in which all the Al atoms tend to be in the sam
plane in order to optimize the Al-H~bridge! bonds. This is
probably the reason that the DB structure opens up in so
cases in order to release strain in bond angles, and fo
polymerlike chain structure~see more discussion later!.
For Al4H12, all the three structures are stable. As d
cussed above, we find that the SB and linear polymeric st
tures have significantly lower energies than the DB struct
in both the GGA and B3LYP calculations. The linear pol
meric structure~curved in order to optimize the bond angle!
can be considered to be made up of two fused Al2H6 clusters
~Fig. 3!. From Table III, the fragmentation energy to bre
the linear chain into two Al2H6 molecules is only 0.149 eV
It is found that the two bonds connecting the two Al2H6
molecules have values of 1.945 Å~Fig. 4!. This also reflects
the weak interaction energy between the two Al2H6 mol-
ecules. In general, the Al-H bond lengths vary in the ch
structure as shown in Fig. 4 that shows the structures,
charge-density surfaces for the three isomers of Al4H12.
Also, in the DB structure the Al-H~bridge! bonds are slightly
elongated and a few have values that are greater or sm
than the values found in Al2H6.
For Al5H15, the SB and linear polymeric structures a
stable and are nearly degenerate~Table II!. In B3LYP calcu-
lations the DB ring structure opens up and changes int
polymeric structure upon optimization. It lies slightly high
in energy than the SB structure. In GGA calculation D





KAWAMURA et al. PHYSICAL REVIEW A 67, 063205 ~2003!FIG. 4. Electronic density dis-
tributions and bond lengths fo
different isomers of Al4H12 ob-
tained from LCAO1B3LYP
method. Bond lengths are given i
Å. The charge-density surface ha







































nglinear polymeric structure using the LCAO method, b
slightly higher than the SB structure in the plane-wa
method. The linear polymeric structure can be considere
be made up of two Al2H6 molecules that interact weakl
with a AlH3 molecule in between as shown in Fig. 5. This
also supported by the long bond lengths. Figure 5 also sh
the charge-density distributions from which the covalen
bonded nearly planar AlH3 molecules can be easily ident
fied.
For Al6H18, the SB structure is not stable against fr
quency in the B3LYP calculation and the linear structure l
lowest in energy. As shown in Fig. 5, it can be considered
be made of two Al2H6 and two AlH3 weakly interacting
molecules that also form Al2H6-like configuration~Fig. 3!.
However, in GGA calculation the SB structure is stable.
LCAO calculation the linear polymeric structure is lowest
energy but in the plane-wave method DB structure has
lowest energy. Interestingly, we find that as compared
three Al2H6 clusters, the polymeric chain of Al6H18 is more
favorable. Also, it is favorable against fragmentation in
two Al3H9 linear polymeric structures~that may be the more
likely channel for fragmentation! but slightly unfavorable
against the SB structures that have the lowest energy
Al3H9. It is also slightly favorable with respect to Al2H6 and
the linear Al4H12 polymeric structure~Table III!, but nearly
degenerate withn52 andn54 ~SB! structures.
In the case of Al7H21 the DB structure could not be ob
tained using the B3LYP functional because the structure
sociates into Al3H9 and Al4H12 linear polymeric structures











have large HOMO-LUMO gaps. In GGA, DB structure
stable but the linear polymeric structure lies slightly lower
energy. As shown in Fig. 5, the linear polymeric structu
can be considered to be made up of two Al2H6 molecules
and three AlH3 molecules that are linked by making DB lik
structures. This structure is stable against fragmentation.
B. Fragmentation behavior
In order to check the stability of clusters, we studied fra
mentation energies of different isomers. In Table III we ha
given these using the calculation method~i!. The structures
of all the products are assumed to be the most stable isom
In general, we find that the DB structures are especially
stable so that fragmentation into smaller molecules is
vored. Linear polymeric and SB ring structures are, howev
stable against fragmentation. The linear polymeric struct
of Al5H15 is unstable against fragmentation into Al3H9 and
Al2H6 pair, while the SB ring structure is only marginall
stable. On the other hand,n56 is not stable against frag
mentation. But the SB structure of Al7H21 is weakly stable
against fragmentation. These results suggest that the rin
well as linear polymeric structures should occur at least u
n54. The BE of these clusters per AlH3 unit decreases
rather slowly with increasing cluster size, as shown in Fig
and these are more bound as compared to AlH3 supporting
the formation of polymeric structures. The decrease~Fig. 2!
in the BE per H is due to the fact that with an increase inn,
the BE of pure Aln cluster increases and it enhances the c
of breaking the 3D structures of aluminum clusters into ri
or linear structures.-
s
FIG. 5. Structures and elec
tronic charge-density distribution
of AlnH3n (n53 –7) in linear































CYCLIC AND LINEAR POLYMERIC STRUCTURES OF . . . PHYSICAL REVIEW A 67, 063205 ~2003!C. Cluster Stability
In Fig. 4 we have shown the constant charge-density
tributions for Al4H12 in different structures to explain th
dependence of the stability on structures. It is seen that
charge-density distribution of SB structure is contracted
is more localized compared with that of the DB structu
Moreover, SB structure has freedom about bond angle
that Al-H ~bridge!-Al angle can be kept to about 95° in an
size of the SB structure. On the other hand, DB struct
cannot keep ideal angles as the size grows. Therefore, A3H9
and Al5H15 DB ring structures open up and make linear po
meric structures upon optimization. This explains the ins
bility of the DB structures.
The charge distribution of the linear polymeric structu
of Al4H12 shows that Al4H12 consists of four AlH3 units. The
hydrogen atoms at bridge sites are not shared equivale
with two aluminum atoms so that the bond lengths of Al
~bridge! are not the same. As shown in Fig. 4, the edge
atoms have two H~terminal! at 1.576 Å and two H~bridge!
at 1.692 and 1.762 Å. The latter H atoms have sligh











longer or shorter bonds~1.824 and 1.710 Å, respectively!
with other Al atoms. In the SB structure the Al-H~bridge!
bond lengths are the same. However, in the DB structu
these bonds are slightly different and longer than in the
structure. This reflects the weaker bonding of bridge H w
a neighboring Al atom in the DB structure. To make t
bonding nature more clear, we also show the charge-den
distribution in the linear polymeric structures of molecules
Fig. 5. As discussed in the section on structures, the ch
distribution shows the weak bonding between AlH3 and
Al2H6 units. The average length of Al-H bonds in each AlH3
units is 1.614 Å which is close to the one in AlH3 molecule
(1.583 Å). The bond angles are also close to that of AlH3.
Therefore, from the point of view of geometry, formation
linear polymeric structures is easy. When AlH3 attaches with
Al2H6, it makes Al3H9 polymeric chain, and if one more
AlH3 attaches at the end of this chain, it forms Al4H12 chain
and so on. Figure 7 shows the charge-density isosurface
the DB structures forn55 and 7. One can easily notice th
very low-density regions in the DB bonds, which lead to t
opening of these structures into a polymeric chain structu
FIG. 7. Electronic charge-density distributions of AlnH3n (n
55,7) in the DB structure. The low-density regions are mark
with arrows.rs ofTABLE IV. Zero-point energy correction and the corrected values of the BEs of the different isome
AlnH3n clusters obtained from the LCAO1B3LYP method.
Zero-point Corrected
correction BE BE/n BE per H
Cluster Structure ~eV! ~eV! ~eV! ~eV!
AlH3 - 0.507 8.569 8.569 2.856
Al2H6 - 1.200 18.329 9.165 2.959
Al3H9 SB 1.805 27.736 9.245 2.734
Linear 1.849 27.509 9.170 2.709
Al4H12 SB 2.377 37.032 9.258 2.698
DB 2.550 35.760 8.940 2.592
Linear 2.487 36.721 9.180 2.672
Al5H15 SB 3.045 46.120 9.224 2.604
Linear 3.128 45.930 9.186 2.591
Al6H18 DB 3.827 54.445 9.074 2.508
Linear 3.768 55.141 9.190 2.547
Al7H21 SB 4.218 64.792 9.256 2.508













































KAWAMURA et al. PHYSICAL REVIEW A 67, 063205 ~2003!As H is a light element, zero-point energy in differe
structures could be important for the relative stabilities
different isomers. In Table IV we have given the BEs w
zero-point energy correction in the LCAO method wi
B3LYP functional. For this the energies of the pure alum
num clusters were also corrected for zero-point energ
which turned out to be quite small~about one tenth of the
value for the hydrogenated clusters!. The correction for
AlnH3n clusters is quite significant. However, the ordering
the energies of different isomers remains the same. Thus
find that the SB structures are the lowest in energy excep
Al6H18 in which case it is not stable.
Our results suggest for the first time, to the best of o
knowledge, that AlnH3n should exist at least up ton54 in
the SB structure or polymeric chain form. Even if DB stru
ture is formed, its ring would open or it will dissociate in
two clusters which have linear polymeric structures. Figur
shows the BE of clusters without zero-point energy corr
tion. It is noted that clusters with SB and linear polyme
structures have higher BEs than the values for AlH3 and
Al2H6, though the difference of BEs between Al2H6 and
AlnH3n (n53 –7) is small. Therefore, formation of a larg
cluster from Al2H6 is energetically weakly favorable. On th
other hand, AlH3 can gain large BE~at least 0.752 eV!
~Table III! by attaching to a Al2H6 cluster. Considering a
growth process from AlH3, linear polymeric structures
should be abundant because these consist of AlH3 molecules,
even though SB structure has energetic advantage ag
polymeric form. Also, at finite temperatures, such polyme

















In conclusion, we have performed detailedab initio cal-
culations on AlnH3n (n53 –7) molecules as well as 3D alu
minum clusters to understand the stability of high concen
tion of H atoms that could be associated with Al atoms in
cluster. We find that 3D clusters cannot adsorb high conc
tration of H as the BE of H decreases significantly with i
creasing number of H. However, cyclic and linear polyme
molecules show higher stabilities with large BEs as well
large HOMO-LUMO gaps, compared with the 3D hydrog
nated clusters as well as alane. These are stable agains
sociation into smaller molecules energetically, at least u
n54 in contrast to the experimentally known alane and
alane only. The stability of these cyclic or linear polymer
molecules arises from the stronger Al-H bonds as compa
to the Al-Al bonds in this small size range. The differen
between the SB cyclic and linear polymeric structures
however, small. The interaction of AlH3 molecules leads to
significant elongation of the bridging Al-H bonds that ca
have important consequences for the usage of the alane
hydrogen material. We hope our results would encourage
perimentalists to look for these molecules as well as th
derivatives.
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